Cystic lesions of the pancreas (CLPs) are increasingly diagnosed due to the growing utilization of cross-sectional imaging modalities. The differentiation between true cysts (epithelial tumors) and nonepithelial lesions (such as pseudocysts) relies on clinical and imaging characteristics, but more reliably obtained by endoscopic ultrasound (EUS) fi ne-needle aspiration. Due to their malignant potential, some of the true pancreatic cysts require further assessment and periodic follow-up. Therefore, it is important to establish a solid diagnosis at the time of detection of the various types of pancreatic cysts. Due to the limitations of cytology and biochemical markers in accurately classifying cyst pathology, the search for specifi c molecular markers associated with each type of cyst is ongoing. In this chapter, we will review some of the emerging molecular markers in pancreatic cystic fl uid and their potential impact on endosonography and pancreatic cyst management.
INTRODUCTION
In recent years, the diagnosis of cystic lesions of the pancreas (CLPs) has increased dramatically due to the widespread use of cross-sectional radiologic imaging technologies. [1] According to radiological literature, the prevalence of CLPs on computed tomography (CT) and magnetic resonance imaging (MRI) is estimated to range between 2.4% and 14%. [2] [3] [4] Small CLPs of unclear clinical signifi cance have been reported much more frequently (up to 39%) during screening of asymptomatic individuals with high-risk of pancreatic malignancy. [5] A recent population-based study placed the overall frequency of detecting malignancy in CLPs at 2.9% in patients surveyed for known pancreatic cysts, with an annual incidence of 0.4% per year. [6] Based on the presence of epithelial tissue, the World Health Organization (WHO) classifi es CLPs into epithelial and nonepithelial lesions. [7] Inflammatory pancreatic fluid collections (pancreatitis-associated pseudocyst) are not considered true cysts due to the absence of epithelial component.
Mucinous CLPs are epithelial mucin-producing neoplasms, which are composed of two distinct groups: Intraductal papillary-mucinous neoplasms (IPMNs) and mucinous cystic neoplasms (MCNs). Despite the fact that mucinous CLPs are considered premalignant, many of them remain indolent and do not exhibit an aggressive biological behavior. Because of this malignant potential; however, mucinous CLPs require baseline investigation to assess the risk of malignant transformation and follow-up at intervals. Furthermore, these tumors sometimes need surgical resection if already malignant at the time of diagnosis or strongly suspected to be so based on preoperative assessment. Therefore, it is necessary to distinguish between mucinous and non-mucinous CLPs prior to making fi nal management recommendations.
Endoscopic ultrasound (EUS) has emerged over the last 2 decades as the diagnostic modality of choice to characterize CLPs and identify high-risk lesions that require surgical resection. High-risk EUS stigmata include presence of mural nodules, associated solid component, thick septations, and main duct dilation. [8] Fine needle aspiration (FNA) improves the accuracy of EUS imaging alone through the detection of mucinous epithelium and atypical cells. [9] However, the diagnostic utility of cytology is limited by its inadequate diagnostic yield, reported to be as low as 31%. [10] Cyst fl uid tumor markers like carcinoembryonic antigen (CEA) have been used to differentiate potentially mucinous lesions. It has been noted that a CEA level of ≥192 ng/mL discriminates mucinous from non-mucinous pancreatic cysts with a sensitivity of 75%, specifi city of 83%, and overall accuracy of 79%. [11] Nevertheless, CEA has a limited role in detecting malignancy or in predicting malignant progression. [12] [13] [14] [15] [16] Recently, molecular markers have been suggested as an adjunct to cytology and CEA to accurately diagnose mucinous cysts and identify early malignancy within lesions. While most of the efforts in this fi eld remain investigational, there have been advancements in the last decade that led to the adoption of some genetic assays in clinical practice. In this chapter, we will discuss the expanding role molecular markers play in the diagnosis of CLPs.
DEOXYRIBONUCLEIC ACID (DNA)-BASED CYST FLUID ASSAYS

K-ras and tumor suppressor genes mutations
Although numerous genetic alterations leading to pancreatic adenocarcinoma (PDAC) have been identified in the recent decade, the mutation in the K-ras oncogene remains the most extensively studied. Additional mutations in tumor suppressor genes (leading to what is referred to as loss of heterozygosity or allelic imbalance) can be found alone or in conjunction with K-ras mutations and accumulation of such genetic hits is believed to pave the way to carcinogenesis. [17, 18] K-ras has been evaluated as an adjunct to EUS-FNA to improve diagnostic yield in pancreatic solid lesions when cytology is inconclusive. In one of the largest series, Ogura et al., [19] prospectively analyzed K-ras mutations in 394 pancreatic masses of various pathologies including PDACs and other benign lesions. When combined with cytohistopathology, the sensitivity, specifi city, and diagnostic accuracy of this assay was 87%, 100%, and 89%, respectively. The addition of K-ras mutation analysis increased sensitivity and accuracy by 6% and 5%, respectively (P < 0.001). K-ras mutations were only found in 3% of non-pancreatic ductal adenocarcinoma masses. The addition of other somatic mutations of tumor suppressor genes like p53 and p16 to K-ras has been shown to increase the sensitivity of cancer detection to 100% in cases where FNA was inconclusive. [20] This was further confirmed by a meta-analysis including eight prospective studies and 931 patients that reported a pooled sensitivity of EUS-FNA for the diagnosis of PDAC of 81% and a specifi city of 97%. K-ras gene analysis alone had sensitivity and specificity of 77% and 93%, respectively; while the combination of EUS-FNA plus K-ras mutation analysis increased the sensitivity to 89%, while retaining a high specificity of 92%. Overall, K-ras mutation testing applied to cases that were inconclusive by EUS-FNA reduced the false-negative rate by 56%, with a false-positive rate of 11%. [21] This knowledge led to increased interest assessing similar changes in mucinous cystic lesions as they progress through various stages of dysplasia; and logically, mutations known in PDAC were investigated. It has been demonstrated that in malignant transformation of mucinous cysts, [22] K-ras mutations appear to occur early in the process. [23] In IPMN, this is reported to be a result of tumor suppressor gene inactivation, which is represented by loss of heterozygosity at 9p12 (p16) and 17 p13 (p53). [24] On the other hand, in benign serous cysts, Moore et al., [25] described allelic losses on chromosome 10q in 50% and on chromosome 3p in 40% of cases, but reported complete absence of K-ras or p53 mutations in these tumors. Kim et al., [26] found that one-third of MCNs were associated with K-ras mutations and further variable changes in tumor suppressor genes like p16 and p53, but were not observed in any serous cyst.
The use of the above markers has been evaluated in both pancreatic juice and cyst fluid. [27] [28] [29] In a multicenter, prospective study, Khalid et al., [30] performed cyst fluid DNA analysis from EUS-FNA specimens in 124 patients with confirmatory surgical pathology or malignant cytology. Elevated amounts of cyst fl uid DNA, high-amplitude K-ras mutations followed by specific allelic loss (loss of heterozygosity) were associated with maximum specificity for malignancy (96%). In all lesions, K-ras mutation provided 96% specifi city for mucinous cysts. Several other studies have since demonstrated the utility of K-ras mutation as a highly specifi c marker for mucinous cysts particularly when cyst morphology and cytology were nondiagnostic [ Table 1 ]. In a recent large series, Nikiforova et al., assessed the utilization of K-ras testing in 618 CLPs. [36] Surgical follow-up information was available for 142 (26%) patients and consisted of 53 K-ras-mutated and 89 K-ras-wild-type cysts. Overall, K-ras mutations had a specificity of 100%, but a sensitivity of 54% for mucinous differentiation. When stratified by cyst type, K-ras had a sensitivity of 67% and 14% for IPMNs and MCNs, respectively. The lower diagnostic performance of K-ras observed in MCNs could signify an alternative mutational pathway and certainly requires further investigation.
We have recently demonstrated the utility of DNA analysis of cystic fl uid in a prospective study including CLPs lacking high risk morphological features. [16] Surgical resection was performed in 48 patients, confi rming a mucinous pathology in 38 (79%). In this group, molecular analysis (including K-ras and multiple tumor suppressor gene mutations) had a sensitivity of 50% and a specifi city of 80% in identifying mucinous lesions (accuracy of 56%). The combination of molecular analysis with cyst fluid CEA and cytology resulted in higher diagnostic performance for mucinous cysts than either one of its individual components, with a sensitivity, specificity, and accuracy of 74%, 70%, and 73%, respectively. In a multicenter retrospective study, the utilization of a commercially available DNA assay (RedPath Integrated Pathology, Pittsburgh, PA) was retrospectively assessed. [38] The lack of high risk morphological features and lack of mutations on cyst fluid analysis provided a 97 % probability of benign follow-up for up to 7 years. The presence of multiple mutations was associated with a relative hazard ratio for malignant outcome of 50.2 and was more predictive of this outcome than the International Consensus Guidelines for mucinous pancreatic cysts management, [39] whose surgical resection criteria were associated with a hazard ratio of 9.
A recent systematic shed some light on the role molecular analysis play in the diagnosis of CLPs. This review included 12 studies totaling 1,115 patients, out of whom 362 had surgical pathology available. The sensitivity and specificity of cytology was 42% and 99%; while the sensitivity and specificity of K-ras was 39% and 95%, respectively. When the two were combined, the sensitivity and specifi city were 71% and 88%, respectively. [40] Since CEA continues to be considered the most useful biochemical marker for differentiating mucinous from non-mucinous pancreatic cysts, [11] several studies sought to compare the accuracy of CEA to DNA analysis. In a study of 100 patients with CLPs, only fair agreement between the two tests was found. CEA alone had the highest sensitivity (82%) compared to 11% for K-ras mutation and 70% for allelic imbalance. [33] Combining CEA with K-ras mutations achieved 100% sensitivity for the diagnosis of mucinous cyst in the same study. [32] Retro 16  25  25  44  50  83  75 58 Khalid (2009) [30] Pros 113  35  45  96  67  66  53  71  92 36 Sawhney (2009) [33] Retro 100  26  11  100  70  100  29  93  100 50 Shen (2009) [34] Retro 35  17  57  100  43  93  83  76  83 83 Sreenarasimhaiah (2009) [35] Retro 20  45  33  93  50  71  33 50 Nikiforova (2013) [36] Retro 142 8 54 100 Al-Haddad (2014) [16] Pros 48 16 42 90 11 100 Winner (2015) [37] Retro 40 20 Another study reached the same conclusion where the combination of CEA and K-ras mutations correctly identified 94% of malignant/premalignant cysts. [41] The CEA and DNA analyses in these studies were considered complementary and together identified the vast majority of mucinous cysts included. In one study, patients with K-ras mutations were more likely to have atypia on cytology or pathology and higher CEA compared to wild-type K-ras. [42] Moreover, K-ras mutants were also more likely to be associated with two or more loss of heterozygosity mutations.
The utilization of DNA assays in clinical practice is evolving as further long-term performance data of such assays become available. One outcomebased study categorized cysts as non-indolent-and indolent-based on surgical pathology and clinical outcomes. [43] Fifty-one patients underwent pancreatic surgery (10 had malignant, 18 had mucinous, and 16 had benign cysts). Additional 63 patients were followed long-term and 13 patients died of pancreatic cancer.
On multivariate regression analysis, the presence of cystic solid component, patient symptoms, cyst size >3 cm, and detection of K-ras mutations in cyst fl uid were independently associated with a non-indolent course. Cyst fluid K-ras mutation was the only component of cyst fluid analysis associated with non-indolent behavior in this analysis. This behavior included the need to resect a mucinous cyst, cyst progression, development of malignancy, and death due to pancreatic cancer. Additionally, cysts with K-ras mutations were more likely to have atypia on cytology or pathology specimens. [43] As previously stated, other studies confi rmed the association between aggressive biological behavior and K-ras mutations in IPMNs in particular, including progression to malignancy and referral to surgical resection. [42, [44] [45] [46] The above data strongly supports the use of K-ras mutations in pancreatic cyst fluid in patients with indeterminate or insuffi cient EUS-FNA cytology and/ or cyst fluid CEA to diagnose mucinous cysts in clinical practice [ Figure 1 ]. There is emerging data that the presence of this oncogene mutation could be a prognosticator for aggressive biological behavior. Many molecular labs associated with tertiary and referral institutions currently offer this assay in addition to one commercial assay (RedPath Integrated Pathology, Pittsburgh, PA). The amount of cyst fluid necessary for analysis is minimal-typically a fraction of a milliliter (few drops) making this a desirable assay when only a small amount of cyst fl uid could be aspirated due to its high viscosity or small lesion size. In our practice, if the amount of fluid is too small for CEA assay (less than 0.5 mL); we typically provide small aliquot for a K-ras assay in addition to the cytology smear. If more than 0.5 mL of fluid is obtained, then we are typically able to allocate some fl uid for all three main tests (CEA, K-ras, and cytology). Nevertheless, the cost of the molecular analysis remains one of the factors limiting its mass utilization, despite the fact that many insurers started to cover this test in the US. Finally, emerging literature suggest that genetic molecular changes occur frequently, and may not correlate with changes in cyst size, morphology, or CEA. [37, 47] This makes interpretation of molecular assay findings on subsequent surveillance exams diffi cult, and therefore, in our practice, we tend not to repeat molecular analysis beyond the initial (index) exam.
GNAS
GNAS is an oncogene known to be mutated in pituitary and other uncommon types of tumors. Wu et al., [48] initially reported on the prevalence of GNAS in 132 IPMNs -including both surgical specimens and fl uid aspirated from IPMN -out of whom 66% were found to have a GNAS mutation and 81% were found to have a K-ras mutation. Interestingly, 96% of IPMNs had at least either one GNAS or K-ras mutation. A higher rate of GNAS mutations were found in more advanced and dysplastic IPMNs. A recent study evaluated the prevalence of GNAS mutations in small subcentimeter "incipient" pancreatic cysts that do not meet the cut-off for IPMN definition (1 cm). Mutational analysis revealed K-ras mutations in all 21 incipient IPMNs, whereas seven lesions (33%) in seven individual patients harbored GNAS mutations. The presence of GNAS mutations in those small "incipient" IPMNs suggests that a fraction of these cysts are in fact small IPMNs.
GNAS was assessed in another recent study by Lee et al., who reported on 68 resected CLPs of mucinous and non-mucinous pathology. [49] GNAS mutations were more common in IPMN compared to non-IPMN lesions (42 vs. 4%). No GNAS mutations were detected in PDAC and MCN, while two serous cystadenomas carried GNAS mutations. Double mutations with K-ras and GNAS were only present in IPMN.
Additionally, GNAS has been shown to be measurable in secretin-stimulated pancreatic juice. In a study where fl uid was collected from the duodenum in 291 patients undergoing screening for pancreatic cysts/cancer, [50] 64% of patients with IPMNs were found to have a GNAS mutation contained within the pancreatic juice. No significant difference was found in the GNAS status of cyst fluid and the neoplastic grade or size of IPMNs. No control patients without IPMNs had GNAS mutations; and the presence of GNAS mutation at baseline was predictive of the development of new cysts at surveillance exam.
In summary, early data suggest that GNAS mutations are specifi c for IPMN and can be found concurrently with K-ras mutations. The association between degree of dysplasia and GNAS remains uncertain and requires further research to clarify.
NON-DNA CYST FLUID ASSAYS
Micro-ribonucleic acid (miRNA) miRNAs are small, noncoding RNA molecules (18-25 nucleotides) involved in regulating gene expression at the post-transcriptional level. miRNAs appear to inhibit gene expression by either blocking protein translation or by degrading the mRNA. [51] miRNAs also appear to be involved in the induction of gene expression which occurs through binding to complementary regions in the promoter. [52] In the most recent database (miRBase21 release, http://microrna.sanger.ac.uk), over 28,000 mature miRNAs were identified in over 150 species, including 2,000 miRNAs in the human genome.
MicroRNAs are involved in cell signaling and are known to be upregulated and overexpressed in multiple types of tumors including pancreatic cancer, where differential expression of certain miRNAs was highly associated not only with the diagnosis of a malignant lesion but also the overall biological behavior. [53] [54] [55] In one study, cyst fl uid aspirated from 40 pathologically diagnosed cyst specimens were analyzed for miRNA. [56] Three miRNAs (miR-21, miR-221, and miR-17-3p) were found to overexpressed in mucinous versus nonmucinous cysts at 7.0, 7.9, and 5.4-folds, respectively. Out of the three, miR-21 was found to perform the best with an area under the curve (AUC) of 0.89 giving a sensitivity of 80% and a specificity of 76% to diagnose a mucinous cyst. However, no miRNA was able to differentiate between the different types of mucinous lesions (IPMNs vs. MCNs).
The question of which miRNAs can be further pursued as makers of advanced dysplasia in mucinous CPLs remains the most pressing. A recent study [57] included 55 surgical IPMN specimens in addition to 65 cysts aspirated with EUS-FNA, where 750 different miRNA were analyzed. A total of 26 and 37 candidate miRNAs were identified from the surgical specimens and FNA fluid, respectively, that were differentially expressed between low-and high-grade IPMNs. Computational modeling yielded one with AUC of 1 with a sensitivity of 89% and a specificity of 100%. The most important miRNAs in the model were miR-24, miR-30-3p, miR-18a, miR-91a, and miR-342-3p.
In a similar study, Lubezky et al., [58] analyzed tissue from 55 surgically resected IPMNs and found 15miRNAs to be differentially expressed in benign vs. malignant IPMNs with miRNA levels increasing as the grade of the IPMN increased. Three miRNAs reached statistical signifi cance in the analysis: miR-217, miR-708, and miR-10a. In another recent study using next generation sequencing, a wider spectrum of 13 miRNAs were found to be overexpressed and two were underexpressed in cyst fl uid from resected IPMN lesions with invasive carcinoma. [59] In conclusion, miRNAs are a very promising tool for identifying mucinous and dysplastic IPMN lesions.
Despite the large number of human microRNAs identifi ed to date, a few have been reliably associated with mucinous lesions (like miR-21) and more specifi c ones associated with malignancy or progression of dysplasia within benign lesions have yet to be confi dently identifi ed. Additionally, running microRNA assays remains costly and is currently conducted under mostly research protocols.
Miscellaneous cyst fl uid markers
Cell-mediated and humoral immune responses have been studied in various cancers, including PDAC. Cytokine markers associated with Th1 and Th2 immune response in particular have been shown to discriminate pancreatic cancer from nonmalignant infl ammatory and normal pancreatic tissue in both serum and pancreatic juice samples. [60, 61] One study evaluated cytokines in cyst fluid from 40 patients undergoing resection for IPMNs including interleukin 1B (IL1B), IL2, IL4, IL5, IL8, IL10, IL12, and IL13. [62] IL1B was found to be overexpressed in high risk IPMNs (invasive carcinoma and high grade dysplasia) compared to low risk IPMNs on multivariate analysis. This was prospectively validated in 15 more surgically resected IPMN, and IL1B was associated with a positive predictive value of 71% for high risk IPMNs and negative predictive value of 75% for low risk IPMNs. Levels of cytokines, however, did not correlate with CEA levels or cytology.
Translational scientists continue to explore additional molecular markers with potential applications in pancreatic cysts. The list continues to grow to include proteomic studies assessing promising molecules such as olfactomedin-4 [63] and Brg1 in addition to several mucinous glycoproteins. [64] Currently, markers remain in the exploration phase and will require validation before being adopted in clinical care.
In conclusion, the field of molecular testing of fluid in CPLs is expanding and is propelled forward by the defi ciencies of cytology and CEA in accurately defi ning cyst pathology or future biological behavior. Of the various markers investigated recently, K-ras remains the most widely studied and utilized due to its specifi city for mucinous lesions. Other biomarkers including microRNAs are very promising, but require further investigation.
